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oxidative stress; scuba diving; hyperbaric oxygen; nitric oxide; inflammation SCUBA DIVING IS CHARACTERIZED by exercising in hyperoxia resulting from hyperbaric exposure during diving and oxygen availability at high pressure, both of which could induce oxidative stress by increasing reactive oxygen species (ROS) and reactive nitrogen species (RNS) production (6, 21) . Moreover, divers are exposed to several environmental stressors during dives with compressed air such as hyperoxia, formation of intravascular nitrogen bubbles, exercise, and psychological stress that may contribute to an oxidative stress situation (28) . The type of dive, depth and duration of dive, pressure changes, and associated exercise influence the induction of oxidative stress and the hemodynamic response in divers (26, 53, 54) . Scuba diving at 30 m for 20 min has been reported to increase the ROS levels in lymphocytes (26) . ROS and RNS also act as signaling molecules in transduction cascades, or pathways, for a variety of growth factors, cytokines and hormones (16, 23) . In fact, the clinical use of hyperbaric oxygen, which involves the administration of 100% oxygen at more than one atmosphere, has been successfully used as an adjunctive therapy for several ischemia/reperfusion injuries (14, 57) . Nitric oxide (NO) can also react with superoxide anion generating the toxic peroxinitrite that can alter the function of proteins (1) or contribute to killing exogenous pathogens (15) . Moreover, NO inhibits neutrophil adherence to the endothelium (7, 59 ) via inhibiting expression of adhesion molecules following a dive (8, 30) .
Contracting skeletal muscles release cytokines, which work in a hormone-like fashion, exerting specific endocrine effects regulating the energy supply with especially strong effects on adipose tissue (12) . Typically, IL-6 is the first cytokine released into the circulation during exercise followed by a systemic anti-inflammatory response. The circulating levels of well-known anti-inflammatory cytokines such as IL-1ra and IL-10 also increase after exercise (12, 32) . Classical proinflammatory cytokines released during infection, tumor necrosis factor alpha (TNF-␣) and IL-1␤, in general do not increase with exercise, indicating that the cytokine cascade induced by exercise is markedly different from the cytokine cascade induced by infections (34) . Acute exercise results in a rapid mobilization and accumulation of neutrophils in muscle related to both the intensity and duration of exercise (60) . The duration of exercise seems to be the main factor responsible for postexercise neutrophilia than the intensity because neutrophil counts are higher after exercise at the lower work rate (55% V O 2 max ) for a longer duration (3 h or to fatigue) than the observed at 80% V O 2 max (to fatigue at ϳ37 min) (36) . Neutrophils may be activated during exercise by a variety of factors including muscle damage, growth hormone and IL-6 (31, 46) . Neutrophils express, in the membrane surface, toll-like receptors (TLRs), highly conserved proteins that play an important role in the detection and recognition of microbial pathogens. The recognition of pathogens by TLRs triggers intracellular signaling pathways, resulting in the activation of an immune response, which includes the production of cytokines by neutrophils (19) . In addition, it has been reported that hyperoxia and exercise induce intracellular ROS production that can upregulate TLRs expression in several cell types, leading to the release of cytokines (17, 63) . Neutrophils, once activated, could phagocytose cellular debris and release growth factors that recruit other inflammatory cells, such as macrophages, which are involved in removing residual cell fragments and in reconstructing muscle fiber (37) . The recognition of pathogens by TLRs helps to combat the infection but also contributes to induction of inflammation (9) . The effects of diving on the gene expression of TLRs together with the expression of inflammatory and oxidative stress molecules in neutrophils may have different outcomes related to the susceptibility or resistance to infection.
In previous studies we reported that scuba diving induced a leukocyte infiltration and oxidative stress and also activated an antioxidant response that improved the resistance to divingderived oxidative damage (47, 48) . Preconditioning at 12 m of depth for 20 min enhances antioxidant defenses in lymphocytes that reduce lymphocyte ROS levels produced after scuba diving at 30 m for 20 min (26) . As hyperoxia and hyperbaria alter the oxidative stress equilibrium we suspected that a single scuba dive session could activate the production of cytokines and other proteins related to the inflammatory response by immune cells. The aim of the present study was to determine the effects of a single scuba dive at 50 m depth, which combines hyperoxia/hyperbaria and exercise on the neutrophil inflammatory response, and to compare with the theoretical response induced by infection. We also determined the induction of oxidative and nitrosative damage in the neutrophil, the gene expression of TLR 2 and 4, and NO synthesis after the dive and after a recovery period of 3 h.
MATERIAL AND METHODS
Subjects and study protocol. Nine male professional divers were recruited for this investigation (33.9 Ϯ 3.8 yr, body mass index ϭ 23.4 Ϯ 0.7 kg/m 2 ). All experimental procedures in the study were completed in accordance with the Declaration of Helsinki and approved by Ethical Committee of Clinical Investigation of the CAIB (Palma de Mallorca, Balearic Islands, Spain). The subjects were nonsmokers and did not take any antioxidant dietary supplement or any routine medication for 1 mo before the study. Subjects were informed of the purpose and demands of the study before giving their written consent to participate. Prior to the immersion, all sportsmen passed a physical and medical test in the laboratory to ensure good performance when doing this sport.
Divers performed an immersion to a depth of 50 m for a total time of 35 min in which they breathed atmospheric air supplied from scuba tanks. The diving profile was a direct descent to 50 m with a total bottom time of 10 min, and the return to the surface was carried out with a decompression of 3 min at a depth of 6 m and another one of 6 min at 3 m. Participants continuously swam while at depth to represent a sustained moderate exercise. Divers had refrained from any diving and swimming activities during the 48 h preceding the dive.
Experimental procedure. Venous blood samples were obtained from the antecubital vein of divers in suitable vacutainers. Blood samples were obtained before the diving session after overnight fasting (basal), 30 min after diving (postdiving), and after a recovery period of 3 h (recovery). Neutrophil counts were performed on whole blood in an automatic flow cytometer analyzer [Techicon H2 (Bayer) VCS system]. Neutrophils were obtained from the blood following Boyum's method (4) . An aliquot of the purified neutrophils was used for mRNA extraction. The rest of neutrophils were lysed with distilled water for biochemical assays.
Determination of nitrite.
We measured nitrite concentration in neutrophils by detecting liberated NO in a gas-phase chemiluminescence reaction with ozone using an NO analyzer (NOA 280i, Sievers; GE Power & Water, Boulder, CO). We injected 100 l of the sample or standard (0.5-10 M) into the purge vessel, and the area under the curve of NO peaks was recorded and processed with NOAnalysisTM Liquid software v. 3.2 (IONICS, Boulder, CO).
Inducible nitric oxide synthase protein levels. Inducible nitric oxide synthase (iNOS) protein levels were determined in neutrophils by ELISA using a primary polyclonal antibody Anti human iNOS (Stressgen) and a secondary antibody against the IgG chain, conjugated to alkaline phosphatase, following a previously described method (51) .
Malondialdehyde determination. Malondialdehyde (MDA) was analyzed in neutrophils with a specific colorimetric assay specific for MDA determination. In brief, samples and standards were added to glass tubes containing the chromogenic agent n-methyl-2-phenylindole (10.3 mM) in acetonitrile-methanol (3:1). HCl (12 N) was added, and the samples were incubated for 1 h at 45°C. The condensation of one molecule of MDA with two molecules of this chromogen yields a stable chromophore with maximal absorbance at 586 nm. The assay has a detection limit of 0.1 M. The intra-assay and the interassay reproducibility were Ͻ5% in both cases.
Assay of protein-nitrotyrosine. Nitrotyrosine (Cell Biolabs, Ref. STA-305) was determined in neutrophil lysates by competitive enzyme immunoassay (EIA) following manufacturer instructions. The unknown protein sample or nitrated bovine serum albumin (BSA) standards were added to a nitrated BSA preabsorbed EIA plate. The detection sensitivity limit was 20 nM. The intra-assay coefficient of variation and the interassay coefficient of variation were 6 and 10.5%, respectively.
Gene expression. We determined 14 gene expressions by real-time polymerase chain reaction (PCR) with 18S ribosomal as the reference gene. First, mRNA was isolated from neutrophils by phenol-chloroform extraction (Tripure Isolation Reagent; Roche Diagnostics, Basel, Switzerland). cDNA was synthesized from 1 mg total RNA using reverse transcriptase with oligo-dT primers. Quantitative PCR was performed using a LightCycler instrument (Roche Diagnostics) with DNA-master SYBR Green I. Target cDNAs were amplified as follows: 10 min, 95°C followed by 40 cycles of amplification. The specific primers and amplification conditions used for each gene are presented in Table 1 . mRNA levels previous to the dive were arbitrarily referred to as 1.
Statistical analysis. Statistical analysis was carried out with a statistical package for social sciences (IBM SPSS 19.0 for Windows). Results are expressed as means Ϯ SE, and P Ͻ 0.05 was considered statistically significant. We applied a Shapiro-Wilk W-test to assess the normal distribution of the data, thus preventing a type 2 error test. The statistical significance of the data was assessed by one-way analysis of variance. When significant differences were found, DMS post hoc testing was used to determine the differences between the groups involved.
RESULTS
Neutrophil counts and markers of NO production and oxidative and nitrosative damage are presented in Table 2 . Circulating neutrophils were significantly increased at recovery, 3 h after diving. To show the presence of oxidative damage we measured neutrophil MDA as a marker of lipid peroxidation and protein-nitrotyrosine as a marker of nitrosative damage. Protein-nitrotyrosine levels significantly rose after diving and remained high during recovery, whereas no significant differences were reported in MDA values. Neutrophil nitrite levels as indicative of iNOS activity progressively increased after diving and recovery, reporting significant differences after 3 h recovery respect to predive concentration. The iNOS protein levels maintained the basal values in all situations.
The expression of genes related with the signaling pathway and synthesis of NO and lipid mediators is reported in Fig. 1 . TLR4 (1.8 times higher than predive) and NF-B (1.5 times higher) were the only genes whose expression significantly increased immediately after the diving session. Neutrophil expression of TLR4 (2.5 times higher), NF-B (1.9 times higher), cyclooxygenase (COX)-2 (3.6 times higher), 5-lipoxygenase (LOX) (2 times higher), and iNOS (1.5 times higher) were significantly increased 3 h after diving respect to the preand postdive values. TLR2 gene expression was unchanged in all situations.
The expression of genes related with the neutrophil cytokine synthesis is reported in Fig. 2. IL-6 is the only cytokine that significantly increased its expression in neutrophils immediately after diving. Three hours after diving, significant increases in the expression of IL-6 (3.5 times higher than basal), IL-8 (2.9 times higher than basal), IL-10 (2.3 times) and IL 1b (2.0 times), and heat shock protein (HSP)72 (1.9 times higher than basal) were seen, whereas myeloperoxidase (MPO) and TNF-␣ maintained the basal mRNA level.
DISCUSSION
Scuba diving combines a situation of physical activity with hyperbaria and high oxygen availability. There are few studies that have investigated the participation of exercise on scuba divers. Recent studies reported an estimated workload of 6 -7 metabolic equivalents for scuba divers performing a sustained moderate to moderately heavy work similar to the performed in the present study (10, 56) . Scuba diving at 50 m deep for a total time of 35 min was enough to induce a postdiving neutrophil mobilization in normobaria, suggesting the initiation of an immune-like response, similar to what occurs after infection or an acute bout of exercise (5, 41, 50) . It is widely accepted that acute and chronic exercise alters the number and function of circulating cells of the innate immune system (48) . An increase in the number of circulating neutrophils occurred after a single dive to 54 m for 20 min of bottom time (18) . This rise represents the rapid recruitment of neutrophils from marginated pools, similar to what occurs after exercise, probably related to the action of hormones such as catecholamines or glucocorticoids (35, 52) . The cumulative effect of exercise and hyperbaric hyperoxia during a dive at 50 m for 35 min may result in increased ROS generation, which can lead to oxidative stress and tissue damage. But it also can induce the expression of antioxidant genes, such as catalase, heme oxygenase (HO)-1, uncoupling protein (UCP)-3, iNOS, and peroxisome proliferator-activated receptor gamma coactivator (PGC)-1␣ (16) . After the scuba diving session an increase of the proteinnitrotyrosine and the nitrite concentration was observed. This NO increase started just after the diving session, but it was statistically significant only after 3 h recovery, although NO production after diving is not accompanied by an increase in Neutrophil counts and markers of nitric oxide (NO) production and cellular damage measured in neutrophil lysates before and after scuba diving and after 3 h of recovery. Ntyr, nitrotyrosine; MDA, malondialdehyde. Statistical analysis: 1-way ANOVA. †Significant differences with respect to predive, *significant differences with respect to predive and postdive; P Ͻ 0.05. iNOS protein levels in neutrophils. This can be attributed to an activation of the pre-existent iNOS since the expression increase was only significant after 3 h recovery, and consequently, more time should be necessary to evidence an increase in the protein levels. Additionally, the iNOS gene increased its expression 3 h after the diving, although the iNOS protein maintained the basal levels, indicating that the recovery time was not enough to reflect the iNOS gene induction and supporting a direct activation of the enzyme. iNOS gene expression is induced by NF-B activation (24) , which is immediately increased after scuba diving, before the increased expression of iNOS gene. The increased protein-nitrotyrosine levels immediately after diving reflect peroxynitrite's production starting immediately after diving. Peroxynitrite is the result of the reaction between NO and superoxide anion (2); it also reflects increased production of superoxide anion after diving. However, the MDA levels remained unchanged in neutrophils as was previously described in erythrocytes (48) , indicating an adaptive response to diving-induced hyperoxia to preserve lipid peroxidation or to quickly eliminate its products of oxidation.
NF-B, IL-6, and TLR4 expression is firstly and highly increased after diving, whereas the increase in the gene expression of IL-8, IL-10, IL-1b, HSP72, iNOS, COX-2, and 5-LOX occurs after the recovery period. Probably this secondary gene expression could be a consequence of increased expression, activation, and nuclear migration of NF-B. NF-B is a redoxsensitive transcription factor activated by ROS, which also stimulates the expression of several inflammation-related genes such as IL-6 (39), eicosanoic metabolism genes (58) , and several enzymes such as Mn-SOD or iNOS (20) . A microarray analysis performed after a 3-day series of daily dives to 18 m depth for 47 min reported an upregulation of genes associated with inflammation and innate immune responses in the divers (11) . In another study with the same dive conditions a neutrophil activation was evidenced by surface expression of MPO and the CD18 component of ␤2-integrins (55). The recognition of microbial molecules with conserved molecular structures known as "pathogen-associated molecular patterns" (PAMPs) or the detection of endogenous "danger" molecules or "dangerassociated molecular patterns" (DAMPs) by binding to TLR4 initiate a cellular inflammatory response (34) . DAMPs trigger a sterile inflammatory response paramount to tissue and wound repair (34) . Recent studies reported that TLR4, the principal receptor for bacterial LPS, may also be activated by environmental oxidative stress (3). We found increased expression of TLR4 after diving and recovery before the initiation of neutrophilia, suggesting a proinflammatory role of circulating neutrophils after scuba diving, probably related to the oxidative stress. The stimulation of TLRs results in the activation of NF-B pathway (63) , which may be an important process in the regulation of inflammatory mediators after scuba diving. We suggest that postscuba-diving reactive oxygen and nitrogen species (RONS) production in neutrophils could be related to an increased expression of these genes. In fact, it was reported that H 2 O 2 mediates the increased expression of genes such as catalase, HO-1, UCP-3, iNOS, and PGC-1␣ in HL60 cells (16) . NO production contributes to regulation of gene expression of IL-6, IL-8, and HO-1 in muscle during exercise (43) . In the same way, it was reported that hyperoxia-induced intracellular ROS production can upregulate TLR2/4 expression in A549 cells and in lung of mice, leading to the release proinflammatory cytokines IL-6 and IL-8 (22, 29) . In fact, several studies report that supplementation with different high doses of antioxidants attenuates the systemic increase of IL-6 in response to exercise and reduces markers of mitochondrial biogenesis such as PGC-1␣ mRNA and protein in skeletal muscle of rats independently of training status (2, 33, 44) . All together, these data suggest that RONS may play a role in regulating the expression of some key genes related with inflammation and mitochondrial biogenesis.
Eicosanoids are formed from arachidonic acid by the COX, LOX, and epoxygenase pathways and released rapidly in response to extracellular stimuli. The inducible isoforms of COX-2 and 5-LOX play an important role in inflammatory reactions via the production respectively of prostaglandins and leukotrienes. The induction of COX-2 and 5-LOX expression is mediated by the activation of transcriptional factors, especially NF-B (45) . In the present results, we demonstrated that a single bout of exercise accelerates NF-B activation, as well as COX-2 expression in an intensity-dependent manner in human peripheral blood mononuclear cells (25) , although COX-2 and 5-LOX increased expression following scuba diving is likely to reflect proinflammatory response. However, recent studies have revealed that, during the course of acute inflammation, omega-3 polyunsaturated fatty acids-derived mediators including resolvins and protectins with potent antiinflammatory and pro-resolving properties are produced (38) . The biosynthetic pathway of resolvins is dependent on aspirin-COX-2 and 5-LOX activities (40) , and the increased expression of COX-2 and 5-LOX during scuba diving recovery also could be related to pro-resolving inflammation. Additional studies will be necessary to clarify the physiological relevance of neutrophils in response to diving.
The present results provide evidence of significant increases in the expression of genes encoding for cytokines induced by scuba diving at 50 m depth. IL-6 gene expression was increased immediately after the dive, whereas IL-8, IL-10, and IL-1b increased after the recovery period of 3 h. However, TNF-␣, a classical marker of inflammation induced by infection, did not change in the present results. In general, the cytokine response to exercise and infection differed with regard to TNF-␣. The cytokine response reported after scuba diving was more similar to the response induced by exercise than the response induced by infection (12) . IL-6 was the first cytokine to increase in a way similar to that which occurs after exercise followed by increases in IL-8, IL-10, and IL-1b gene expression. The cytokine cascade induced by exercise markedly differs from that induced by infections occurring with increased circulating levels of well-known anti-inflammatory cytokines and cytokine inhibitors. This cytokine cascade is proposed to be involved in mediating the health beneficial effects of exercise and to play an important role in the modulation of low-grade inflammation induced by exercise (33) . It was reported that blood cells do not significantly contribute to IL-6 and other cytokines found in the circulation of healthy subjects, either at rest or in response to exercise (33) . However, as IL-6 expression was highly induced in neutrophils immediately and 3 h after diving, we cannot discard a significant contribution of these cells in increasing the plasma IL-6 levels after diving. The similarity between the pathway induced after scuba diving and after acute exercise characterized by an initial increase in the expression of IL-6 gene in neutrophils suggests that these cells contribute to IL-6 appearance in plasma after diving in addition to the IL-6 contracting muscle production (12) .
Acute exercise is known to induce Hsp72 in a variety of tissues (42, 61) , including contracting skeletal muscle (13, 61) . However, the increase in serum Hsp72 is produced during exercise and is maintained in postexercise, but it precedes any increase in Hsp72 gene or protein expression in contracting muscle. Skeletal muscle Hsp72 mRNA expression increased 6.5-fold from rest 2 h postexercise (61) . Three hours after the scuba diving session, HSP72 gene expression increased in neutrophils compared with basal expression, suggesting that Hsp72 can be released from neutrophils during the recovery period. It has been suggested that in addition to its activity as molecular chaperone, HSP72 may play a role in immune defense (27) . HSP72 released from cells into the extracellular milieu is able to bind to membranes of other cells to stimulate cytokine production in immune cells (61) . Moreover, and in accordance with previous studies performed with exercise protocols (61) , scuba diving could induce HSPs, which may in turn activate IL-6 synthesis via HSF1 and HSF2. The increase in HSP72 gene expression could also contribute to the increase in the IL-6 gene expression (62) .
The main limitation of our study is that the proportional effect of exercise at depth to the reported findings was not elucidated. The inclusion of a nonexercise dive to the same depth and duration and acute exercise control groups would have helped to solve this limitation.
In conclusion, a scuba diving session at great depth that combines hyperoxia, hyperbaria, and physical activity induces an inflammatory response in neutrophils with postdiving increases in normobaria of TLRs, NF-B, and cytokine gene expression and genes related to the signaling pathway and synthesis of NO and lipid mediators. Scuba diving could increase RONS production, resulting in increased nitrotyrosine levels and NO production.
